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Abstract: 
A new type of water droplet transportation on microstructured hydrophobic surface is 
proposed and investigated experimentally and theoretically ― water droplet could be 
driven by scale effect which is different from the traditional methods. Gradient 
microstructured hydrophobic surface is fabricated in which the area fraction is kept 
constant, but the scales of the micro-pillars are monotonic changed. When additional water 
or horizontal vibration is applied, the original water droplet could move unidirectionally to 
the direction from the small scale to the large scale to decrease its total surface energy. A 
new mechanism based on line tension model could be used to explain this phenomenon. It 
is also found that dynamic contact angle decreases with increasing the scale of the 
micro-pillars along the moving direction. These new findings will deepen our 
understanding of the relationship between topology and wetting properties, and could be 
very helpful to design liquid droplet transportation device in microfluidic systems. 
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Introduction  
The spontaneous motion of liquid on solid surface has attracted great interesting in 
recently years. For example, micro-fluidic is becoming a hot field and obtaining wide 
applications, people has developed various methods to realize liquid self-transportatoin.1-10 
So understanding how topology of substrates influence the dynamic behaviors of droplets 
is essential to clarify the underlying mechanism and practical application. 
The main obstacle to droplet motion on a solid surface arises from the hysteresis of 
contact angles that pin the droplet edge. In order to surmount hysteresis and drive droplet 
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motion, additional energy should be supplied to the droplet in order to produce net force. 
However, the surface energy of the droplet cannot be converted to mechanical energy 
spontaneously, so special method should be used, for example, wetting gradient surfaces 
were prepared by chemical,3, 4 thermal,5, 6 electrochemical,7, 8 photochemical methods9, 10 
and so on. 
The possibility of droplet movement due to a surface tension gradient was first 
predicted by Greenspan11 and experimentally demonstrated by Chaudhury and 
Whitesides12. Since then people developed various method to realize droplet movement.13  
For example, the direction and velocity of the droplet motion could be manipulated 
reversibly by varying the direction and steepness of the gradient in light intensity, the 
reason for the driving force is an imbalance in contact angles generated on both edges of a 
droplet.10 When a surface tension gradient is designed into the substrate surface by 
chemical method, the random movements of droplets were biased toward the more 
wettable side of the surface.12 Driven by nonequilibrium noise, periodic motion of droplet 
was produced along the glass substrates over several tens of seconds.4 Movements of the 
droplet could be also controlled by the shape, frequency, and amplitude of the vibration.14 
Moreover, liquid droplet could even move uphill on elaborate designed shape-gradient 
composite surfaces.15 Today, the combination of roughness gradient designed substrate 
and surface tension effect has been applied in micro-pumps for various applications.1, 2, 16, 
17 
The common feature of the above methods is that droplet transportation realized by 
means of either complex chemical modification or energy import. Here, different from the 
previous method1-17, we propose a new way to drive water droplet by scale effect on 
micropillar-like substrates. We first designed a group of micropillar-like substrates in 
which the area fractions were kept constant, but the scales of the micro-pillars were 
decreasing from one side to the other side. When additional water or horizontal vibration 
was exerted on the original droplet, the droplet could move from the region with 
small-size micropillars to the rigion with large-size micropillars. To the author’s best 
acknowledge, realizing water droplet transportation depending on scale effect has never 
been studied. However, this interesting phenomenon could not be explained by the 
traditional Cassie-Baxter model.18 Our research demonstrates that scale is very important 
and should not be ignored especially in small scale. 19-23 The model including line tension 
not only can be applied to explain these phenomena, but also gives new insights to the 
wetting theory.  
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Driving Droplet by Scale Effect — Experimental Observation 
Sample Preparation  
The micropillar-like substrates were fabricated by standard photolithography and 
inductively coupled plasma (ICP) etching techniques, and then a self-assembled 
monolayer (SAM) of octadecyltrichorosilane (OTS) of formula 18 37 3C H Cl Si  (Acros 
Organics) was adopted to realize superhydrophobicity by a standard procedure.24 After the 
chemical modification, the apparent contact angle on flat surfaces was 105 1  . 
The apparent static and dynamic contact angles were measured with a commercial 
contact angle meter (OCAH200, Dataphysics, Germany). The images of the water droplets 
on the microstructured substrates were observed and recorded by a high-speed CCD, 
sequential photographs of the wetting behaviors of the water droplets were taken every 
10ms . We use a home-made oscillator in which the frequency ranges from 0 to 200Hz, 
and the amplitudes were measured directly from the experiments. 
 
 
Figure 1. Pillar-like micro-structural surfaces: (a) top schematic view of the square pillars; (b) 
side schematic view of the square pillars 
 
 
Figure 2. Designed parameters of the gradient micropillar-like substrate: (a) SEM images of 
the gradient substrates, the scale bar is 10μm ; (b) Scheme of the gradient substrates with 
increasing scales in x direction, the total width and the length of the substrate is =8mmW , 
=14mmL , respectively. The gradient substrate is composed of seven substrates, the width of 
each single substrate is =2mml . 
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Different from previous works, in our experiment, a group of micropillar-like 
substrates were fabricated in which the area fractions were kept constant, but the sizes of 
the pillar width were decreased from one side to the other side. Figure 2 shows the 
detailed information of the gradient substrate. Firstly, seven independent small substrates 
were designed with the width and the length 8mmW   and 2mml  , respectively. All 
of the micropillars had square-shape with height 30μmH  , and the area frictions were 
designed at  22 0.16f a a b   , where a  is the side length of the square pillar, b  is 
the spacing between the neighboring pillars. The width  1, ,7ia i    of the micropillars 
were 2μm , 4μm , 6μm , 10μm , 20μm , 30μm , and 40μm , respectively. Then the 
seven substrates were arranged in order of their sizes (Figure 2) and fabricated in a silicon 
wafer. By this method, we produced a scale-gradient substrate. Here, S A L  is a 
shape-dependent roughness scale,22 given by the boundary length L  and area A  of the 
pillar corss-sections. For the above square-shape micropillars, 4i iS a . 
 
Experiment 1: Droplet Motion Realized by Adding Water 
In the first experiment, we will show droplet motion driven by adding water into the 
original droplet. As shown in Figure 3, in the beginning, a 5μL  water droplet was first 
injected from the pinhead, and the substrate was adjusted horizontally in order to ensure 
the droplet gravity center stand at the middlemost bottom of the pinhead after it was 
produced. Then, we fixed the substrate, and added 5μL  additional water into the original 
droplet one time at the rate of 0.5μL s . When the 5μL  additional water was discharged 
from the pinhead, there was a short break in order to ensure that the droplet arrive an 
equilibrium state. Then, 5μL  additional water was added at the same rate, the circles 
continued until the droplet became big enough. All the processes were record by a 
high-speed camera. 
Surprisingly, we can see clearly from Figure 3 that the water droplet could always 
move to the large-scale direction. When the volume of the total droplet is small, this 
moving behavior seemed not obvious, but when the volume of the droplet was larger than 
20μL , the unidirectional motion of the droplet seemed remarkable. 
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Figure 3. Droplet profiles at different positions with increased volume, the position 
of the pinhead and the substrate were always fixed. 
 
In the above experiment, when the droplet deviated from the middlemost bottom of the 
pinhead, outflow of additional water might produce hydraulic force and the original 
droplet might be pushed to move under its horizontal component. In order to make sure 
that the motion was caused by the scale effect of the micropillar-like substrate, not by the 
horizontal component of the hydraulic force, we make further experiment below. 
When the gravity center of the water droplet moved on the right of the pinhead (Figure 
4(d)), we moved the substrate horizontally gently enough to make sure that the gravity 
center of the water droplet stands on the left of the pinhead (see Figure 4(e)). Then, 
additional water was continued to add on the droplet. In this case, if the hydraulic force 
existed, the direction of its horizontal component would be in the opposite direction to the 
motion of the droplet, and should play a role in resistance. But in the process of dropping, 
the droplet always moved to the large-scale direction (see Movie 1, Supplementary 
information). So, we can exclude that the “driven force” pushing the droplet motion was 
originated from the hydraulic force. 
 
 
Figure 4. Droplet profiles at different positions with sustained increase in volume: (a)(b)(c)(d) the 
gravity centers of the water droplet were always on the right of the pinhead; (e) the substrate was 
moved horizontally to let the gravity center of the water droplet stand on the left of the pinhead. The 
position of the pinhead was always fixed. (see Movie 1, Supplementary Information). 
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Another interesting phenomenon was that the left and the right apparent contact angles 
L  and R  on the rear and front of the contact boundary were different from each other 
not only in the process of the droplet motion, but also in the break of dropping. In order to 
give detailed information, we plot the relationship between time t and the values of L  
and R  (Figure 5). From figure 5 we can see L  and R  exhibiting distinguished 
features in the process of droplet motion: (i) when the original droplet was disturbed by 
adding water, fluctuation of L  and R were around 20 ; (ii) for certain time, L  was 
always larger than R  which means that the right contact boundary of the droplet (in the 
forward direction) was always more wettable than that the left contact boundary; (iii) 
during the 15th second to the 23th second, both of L  and R  increased with increasing 
of the droplet volume which means gravity could bring influence to the apart contact angle; 
(iv) during the 23th second to the 43th second, both of L  and R  decreased with time 
which means the scale of the micropillar was larger, the value of the apparent contact 
angle is lower.  
 
 
Figure 5. Apparent dynamic contact angles L  and R  in the process of droplet motion 
and in the break of dropping. The red squares represents L , the black circles represents R , 
respectively. 
 
Experiment 2: Droplet Motion Realized by Vibration 
In the second experiment, we will show droplet motion driven by mechanical vibration. 
The substrate was first adhered on a solid platform, and a droplet was released (see Figure 
6), we then produced a constant sine horizontal vibration on the platform, and kept the 
vibration direction parallel to the scale-gradient direction. Interesting, when the volume of 
the droplet was 20μL , and the frequency and the amplitude of the oscillator were around 
80Hz  and 0.75mm , the droplet started to move on the same scale-gradient substrate 
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from the small-scale to the large-scale. We tried again for many times, this phenomenon 
could always happen.  
 
 
Figure 6. Droplet vibration experiment: (a) sketch of the experimental setup; (b) droplet profiles 
at different positions with constant volume ( 20μL ) and constant vibration (the frequency and the 
amplitude of the oscillator were 80Hz  and 0.75mm , respectively.), the droplet moved from the 
small-scale to the large-scale direction. The time bars are shown in the process of the vibration 
(see Movie 2, Supplementary Information). 
 
In order to give detailed information, we also measured the dynamic contact angles L  
and R  varying with time (see Figure 7). Different form Figure 5, L  and R  in Figure 
7 are exhibiting distinguished features: (i) when the droplet was disturbed by vibration, the 
amplitude of the apparent contact angles is larger than Figure 5, and the fluctuation of L  
and R were around 35 ; (ii) the maximum values of L  at different times is as the 
same or a little larger than the maximum values of R ; (iii) and also, the minimum values 
of L  at different time is as the same or a little larger than the minimum values of R ; 
(vi) in the process of the droplet motion, the trend of the minimum values of L  and R  
at different times decreased with the increasing value of the scale of the micro-pillars. The 
trend of the maximum values of L  and R  at different times also changed, but not so 
obvious. 
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Figure 7. Apparent dynamic contact angles L  and R  in the process of the droplet motion. 
The red squares represent L , the black circles represent R , respectively.  
 
Theoretical Analysis and Discussion 
As we know, the contact angle Y  reflects wetting characteristic of smooth surface 
and is given by the well-know Young equation:25 
 SV SLY
LV
cos   
  (1) 
where SV , SL  and LV  are the surface tension coefficients on solid-vapor, solid-liquid, 
and liquid-vapor interfaces, respectively.26 When droplet stands on hydrophobic rough 
substrate and is in fakir state,27 the contact areas are composed of water-solid interface and 
water-vapor interface. The wetting characteristic of such surface was first addressed by 
Cassie and Baxter, 18 and the apparent contact angle C  was predicted by: 
  C Ycos 1 cos 1f      (2) 
According to Equation (2), we can see that the apparent contact angle C  is only 
relative with Y  and the area fraction f . In other word, once the material systems ( SV , 
SL  and LV ) is given, the apparent contact angle C  is only determined by the area 
fraction f . On the contrary, from the above two experiments, the wetting characteristic 
of the designed gradient substrates was not kept constant even though we fixed the area 
fraction f . So, we conclude that Cassie-Baxter model could not explain wetting 
properties of water droplet very well on rough surface especially in small scale, because it 
does not take consideration of the scale effect and the topology of the microstructured 
substrate.  
Actually, Cassie-Baxter equation was deduced from an equivalent energy form on 
rough surfaces, such as: 
 SV SLC
LV
cos   
  (3) 
where SV SVf   and  SL LV SL1 f f      are the equivalent solid-vapor surface 
tension and solid-liquid surface tension, respectively. Put SV  and SL  into Equation (3), 
we can easily get Equation (2). According to Cassie-Baxter’s idea, for the scale-gradient 
substrate in our experiment, the equivalent surface tension SV  and SL  of each small 
substrate (Figure 2) is the same as each other. While it is not the case, there must be other 
mechanisms which control the wetting behaviors of water droplet on rough substrate.  
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Recently, Zheng 22 and Wong 23 recognized the importance of the three-phase contact 
line tension on the liquid-vapor-solid phase boundary, and they constructed a new model 
to predict apparent contact angle of water droplet on small-scale rough substrate, 
independently. Based on their idea, the equivalent solid-liquid surface tension SL  
include line tension term can be expressed as:  
  SL LV SL1 ff f S
       (4) 
where τ is the line tension, and S=a/4 for square-shape pillar which reflect the influence of 
scale effect on wetting properties of rough substrate. Put SV  and SL  to Equation (3), 
we can get Zheng and Wong’s model:22, 23 
  Y
LV
cos 1 cos 1 ff
S
  
       (5) 
The value of line tension in Equation (5) was determined to be 81.57 10 J m    in Ref. 
22. Based on Equation (5), it is not difficult to understand why water droplet could move 
from the small-scale to the large-scale in the above experiments. If we keep area fraction 
f  constant, S  is smaller, the length of the contact line in unit of contact area is longer, 
so the contribution of the line tension energy is larger, which means the small-scale region 
is physically more hydrophobic. Even though Equation (5) is applied quantitatively to 
predict apparent contact angle in Ref. 22, it is still qualitative to compare dynamic 
apparent contact angles for substrate with different S , this conclusion could be validated 
in Figure 5 and Figure 7. In Figure 5, in the process of droplet motion under disturbance of 
adding water, L  is almost always larger than R . After the 23th second, both of L  
and R  decrease obviously, which means they decrease with increasing the scale of the 
micropillars. And in this time the contact area is larger enough to occupy substrate with 
several different S . Before the 23th second, this phenomenon is not distinguished, 
because on one hand the contact area is not large enough to occupy different S , on the 
other hand, the volume of the droplet is too small to withstand the disturbance, so the 
influence of gravity may larger than the scale effect. In Figure 7, the contact area of the 
20μL  water droplet is larger enough to occupy two different S  or more during vibration. 
For the minimum value of apparent contact angle at certain time, L  is almost always 
larger than R . As we know, a lot of previous researches believed that receding contact 
angle and receding line control the dynamic behaviors of wetting. 24, 28, 29 In our 
experiment, the minimum value of L  and R  can be treated as receding contact angles 
of the rear and the front contact lines, so scale-effect is validated further. What’s more, the 
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maximum value of L  and R  at a certain time can be treated as advancing contact 
angles of the rear and the front contact lines. According to some previous researches, 21 
advancing contact angle could be very large and have no relationship with the geometrical 
parameters of the substrate. In Figure 7, most of L  and R  are close to each other, and 
larger than 165 , and we could not distinguish their difference, our result for the 
advancing contact angles are consistent with Dorrer’s 21 and Zhang’s 22 result.  
   Recently, a lot of researchers recognized the importance of the topology of the 
microstructure and the three-phase line tension on the wetting properties of the droplet. 
Chen 19 believed that the topology of the roughness is important for the wetting 
characteristics. In Öner’s experiment 20, the advancing contact angle increased with 
decreasing of the width of the micro-pillars when the area fractions were kept constant 
(Table 1 in Ref. 20). In Dorrer’s work 21, and Zhang’s 30 work the receding contact angle 
were increased with decreasing of the scale of the micro-pillars when area fractions were 
kept constant (we can extract this information in Figure 4 and Figure 8 in Ref. 21, and 
Figure 3 in Ref. 30), but the advancing contact angle seemed have no relationship with the 
geometrical parameters. Shiu 31 observed experimentally that the contact angle of water 
droplet increased on various size-reduced polystyrene surfaces. We should emphasize that 
in Yang's work,32 the contact angle increased with decreasing of the silica particles sizes 
on modified silica-coated paper, but what is interesting, the value of contact angle would 
decrease when the particle size decreased further (Figure 9 in Ref. 31). And later, Zheng’s 
experiment 22 was consistent with Yang’s experiment.33 Recently, Yang 33 studied wetting 
behaviors of picoliter water droplet on surfaces with grooves of different widths, he not 
only obtained 74 10 J m   and 53 10 J m  contact line tension on hydrophilic and 
hydrophobic surfaces, but also observed that that the contact angle increased with 
increasing of the droplet volume and decreasing of the groove width (see Figure 4 in Ref. 
32). Moreover, Raspal’s work 34 not only revealed that nanoporous surface may allow the 
effect on line tension to be visible for micro- to microdroplets, but also emphasized that 
line-tension model has a physical foundation to solve the contact-angle problem. All the 
above studies implies the important role of the scale effect for wetting, and this effect is 
well represented in our experiment.  
Based on the above understanding, our experiments and Equation (5) can be used to 
explain why wetting characteristic could be varied with the topology of the micro-pillar 
substrates when the area fractions are kept constant. 20, 21, 30, 31, 33 The influence of the line 
tension is very important for the static and dynamic wetting behaviors of water droplet, 
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and should be took consideration for study the wetting property of rough substrate 
especially with small scale structures. 
Next, we will estimate the value of the driving force on the scale-gradient micropillar 
structures. Based on Equation (3)–(5), if the scale parameter S  is a continuous function 
of x  (see Figure 2), we could give,  
   2
LV
cos f S
x S x
 
    (6) 
If we ignore the influence of gravity, the liquid-vapor interface of the water droplet will be 
a spherical surface. The total surface energy could be written as: 
   LVLV LV SL 3cos VE A A R      (7) 
where LVA , SLA , V  and R  are the area of liquid-vapor interface, solid-liquid interface, 
volume and radius of the spherical surface, respectively. After some calculations, it not 
difficult to get the driving force caused by the scale effect along -directionx  (Figure 2), 
       
*
2 3 1 3
1 3 2 32 * *
1 cos
3
1 cos 2 cos
x
E f SF V
x S x
  
     
 (8) 
Actually, in our experiment, S  is not a continuous function of x , so we could only 
estimate the upper and lower limits of xF . Let  12 2 1 2S S S  ,  12 2 1S x S S l    , 
12 160    , and  67 7 6 2S S S  ,  67 7 6S x S S l    , 67 150     (see Figure 2 and 
Ref . 22) , we can give the upper limit driving force 612 1.17 10 NF
   and the lower 
limit driving force 867 9.21 10 NF
  . If let  *_ 2 sinx unit xF F R   (here, *2 sinR   is 
the width of the solid-liquid contact area) , we can get the driving force per unit length: 
12_ 0.001N munitF   and 567 _ 5.45 10 N munitF   , which is too smaller compared with 
the liquid-vapor surface tension LV 0.073N m  . Because the driving force caused by 
the scale-effect is small, that is the reason why we should depend on disturbance to help 
the water droplet to overcome the drag force.  
As we know, contact angle hysteresis is the main drag force when droplet movs on 
solid surface, and the value of contact angle hysteresis is usually estimated as 
 LV Rec Advcos coshysF D    ,35 here D  is the width of the contact area ( 2 sinD R    
in our experiments). Rec  and Adv  are the receding and the advancing contact angles 
usually defined as the rear and the front contact point on the droplet motion direction. But 
in Figure 5, Rec  are larger than Adv , so the water droplet could obtain driving force 
from the contact angle difference. In Figure 7, severe disturbance happened, anyway, the 
water droplet could also obtain driving force from the contact angle difference. So, it’s 
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interesting in our experiment that the resistance to motion was not caused by the above 
defined contact angle hysteresis, but might come from friction, adhesion or pinning of the 
contact line which should be further studied.  
 
Concluding Remarks  
In this paper, we revealed that the “scale effect” could be considered as a “driving 
force” to realize water droplet transportation on hydrophobic substrate with scale-gradient 
microstructures. When vibration or additional water was applied on the original droplet as 
disturbance, the droplet will always move to the region from the small-scale to the 
large-scale in order to decrease its total surface energy. During the process of droplet 
motion, the apparent dynamic contact angle on the small-scale side would be always larger 
than the large-scale side even though the area fractions were kept constant. However, the 
traditional Cassie-Baxter model does not take consideration of the influences of topology 
and scale effect on the wetting properties of rough surface, so it could not be applied to 
predict apparent contact angle and droplet transportation behaviors in our experiments. 
Different from the previous understanding, we revealed that the line tension could be 
considered as the mechanism and should not be ignored especially in small scale.  
What’s more, our discovery may give new explanations qualitatively why there are so 
many plants and insects which own excellent hydrophobic/superhydrophobic properties 
have small-scale micro-nano structures,36, 37 small-scale could help them to keep away 
from wetting when external perturbation happens. Our work could guide to design optimal 
microstructures to realize excellent superhydrophobic properties and special functions in 
micro-fluidic field for practical applications. 
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Supplementary Information 
 
Movie. 1 When additional water is adding into the original droplet, it always moves from 
the small scale to the large scale on the substrate no matter the relative position between 
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the pinhead and the gravity center of the water droplet. The area fraction of this 
scale-gradient substrate is kept constant at 0.16f  . 
 
Movie. 2 Droplet moves on the scale-gradient substrate in which the area fraction is kept 
constant at 0.16f  , but the scales of the micro-pillars is increasing from the left side to 
the right side. When steady vibration is produced, the droplet moved for the small scale to 
the large scale. The volume of the water droplet is 20μL , and the frequency and the 
amplitude of the oscillator are 80 Hz and 1.5 mm, respectively. 
 
 
